There is compelling evidence from animal experiments that noise exposure suppresses testosterone in males by affecting the hypothalamic-pituitary-testicular axis. Virtually nothing is known about its effect in humans. Therefore, the aim of this study was to explore the association between occupational noise exposure and serum testosterone in a representative sample of the general population. The sample has been taken from the National Health and Nutrition Examination Survey (NHANES) data for the period between 1999 and 2004 and is limited to employed men aged 16-85+ years at the time. The associations between noise exposure (either established according to the Occupational Information Network -O*NET categories or self-reported) and total and free testosterone (TT and FT, respectively) were analysed using linear regression models with increasing adjustments. In the fully adjusted model (n=414), the third quartile of the O*NET noise exposure was associated with lower TT and FT, which reached statistically significant decrease of -58.32 ng dL -1 (95 % CI: -111.22, -5.42) and -1.58 ng dL -1 (95 % CI: -2.98, -0.18), respectively. In stratified analyses, younger, lower income, normal weight, better hearing, and workers not using hearing protection at work experienced significantly more severe adverse effects than the rest. The odds for hypogonadism (TT<300 ng dL -1 ) did not significantly rise with one interquartile range increment in O*NET noise exposure (OR=1.24, 95 % CI: 0.64, 2.39). Self-reported loud noise exposure did not significantly decrease TT when all men were considered (n=214) and only in the men ≥37 years did it decrease TT significantly by -87.55 ng dL -1 (95 % CI: -158.35, -16.74). In conclusion, noise exposure was associated with lower TT and FT only in some population subgroups and these associations were non-linear.
Noise pollution is a widely recognised risk factor for hearing impairment, cardiovascular diseases, psychosocial dysfunction, cognitive impairment, and adverse pregnancy outcomes (1) . Researchers have recently been looking into its relationship with some emerging health endpoints such as diabetes (2) , obesity (3), rheumatoid arthritis (4), and even cancer (5) . Virtually nothing is known, however, about its effect on male androgen status, which has escaped the spotlight of scientific interest.
Testosterone in men is a steroid hormone produced by the testes, stimulated by the pituitary luteinizing hormone (LH), which is in turn released under the pulsatile control of the gonadotropin-releasing hormone (GnRH) synthesised by the hypothalamus (6) . Testosterone is vital for male sexual maturation and development, cognitive performance, psychosocial functioning, body composition, and metabolic control (7) . However, the hypothalamic-pituitary-testicular (HPT) axis is sensitive to stress, which could disrupt its normal function and lead to functional hypogonadotropic hypogonadism (8) . Under stress, be it psychosocial or physical in nature, the normal response of the neuroendocrine system is to shift the balance to the hypothalamicpituitary-adrenal (HPA) axis. The release of corticotropinreleasing (CRH) hormone and subsequent raise in adrenocorticotropic hormone and cortisol inhibit the neuronal secretion of GnRH and suppress its pulsatile release. HPT axis is further suppressed at its lower levels, which may ultimately reduce serum testosterone levels (9) .
Because environmental noise acts as a stressor and stimulates the HPA axis, it has been implicated as a risk factor for testosterone deficiency (10) (11) (12) . There is compelling evidence from animal experiments that chronic noise exposure is associated with reduced testosterone in males: a meta-analysis (12) pooled seven laboratory studies and found that rodents exposed to about 100 dB for several weeks had more than two standard deviations lower serum testosterone than the controls. The longer the exposure was, the larger the adverse effect. In humans, Wegiel et al. (13) found no significant differences in fasting and after-work testosterone concentrations in workers exposed to noise and whole-body vibration, while an inverse univariate association between traffic noise and testosterone was observed among men enrolled in the Caerphilly Study (14) . Evidence from occupational research about the effects of general occupational stress on testosterone levels, semen quality, and fertility is also controversial (9) . Mental stress at work was associated with lower total testosterone (TT) levels, depending on the specific job type (15) , but other studies failed to establish an association between job stress and male hormones (16, 17) .
Epidemiological research however has not explicitly focused on the effects of noise exposure on male androgen status. Such evidence is of particular importance, given the burden of disease associated with hypogonadism and related complications (18, 19) . Therefore, the aim of this study was to explore the association between occupational noise exposure and serum testosterone in a representative sample of the general population.
PARTICIPANTS AND METHODS

Study population
The study sample is based on the National Health and Nutrition Examination Survey (NHANES), an ongoing series of cross-sectional surveys repeated every two years in the United States (US) and conducted by the National Center for Health Statistics (NCHS). The NHANES employs multistage random sampling to ensure a nationallyrepresentative sample of the non-institutionalised civilian population resident in the US at the time of enrolment. Self-reported data from a household interview are combined with data from subsequent medical examinations and laboratory tests carried out at a mobile examination centre (20, 21) .
Our study used combined data from three consecutive waves of the NHANES (1999) (2000) (2001) (2002) (2003) (2004) (20) . Those were selected because they contained information on measured serum testosterone in male participants as well as their current occupation classification. The three waves were merged into one 1999-2004 NHANES dataset in order to increase the sample size. The response rate for men across different age groups and NHANES waves was >70 % (22). The 1999-2004 NHANES dataset was restricted to employed men with known occupation classification (n=5,214). Of those, 4,459 had missing data on TT; noise exposure (according to the Occupational Information Network, aka O*NET) could not be assigned to 24 participants, and 3,001 had no data on self-reported exposure to loud noise. Some of the covariates also had missing data. Thus the final sample for the complete-case multivariate models for O*NET noise exposure ranged from 745 (age-adjusted model) to 414 (fully-adjusted model). The model for self-reported exposure to loud noise included 214 cases. Review Board (protocol number #98-12). All information collected in the survey is kept strictly confidential and privacy is protected by public laws (21). Therefore no additional ethics approval was necessary for this secondary analysis.
Ethics
Blood samples and hormonal measurements
In the NHANES series, morning blood samples were drawn after an overnight fast and collected using standard sampling tubes or tubes containing separating gel. Serum was separated from blood and kept in deep-freeze storage (23). TT (ng mL -1 ) and sex hormone-binding globulin (SHBG) (nmol L -1 ) concentrations were measured by electrochemiluminescence immunoassays using Elecsys 2010 system (Roche Diagnostics, Laval, QC, Canada) (23). TT values were converted to ng dL -1 for this secondary study. Free testosterone (FT) and bioavailable testosterone fractions were also calculated for this secondary study according to Vermeulen's equations, using as input TT, SHBG, albumin and association constant values (37 °C) for the interactions of testosterone with SHBG and albumin (24) . These calculations were done in an Excel spreadsheet (25) . The threshold for hypogonadism was TT<300 ng dL -1 (26) . Albumin (g dL The statistical analysis in this study was restricted to TT and FT, since the effects on bioavailable testosterone followed a similar pattern as those on FT.
Exposure assessment
The 1999-2004 NHANES sample is population-based, which means that it includes people from diverse occupational groups (including different white-collar workers) and precludes the use of conventional noise jobexposure matrices, limited to occupations and industries with high noise exposure (27, 28) . Because of this, we employed a method to estimate noise exposure as previously described by Choi et al. (27, 28) in their studies of the relationship occupational noise-hearing loss within the NHANES. The Occupational Information Network (O*NET) is an on-line database with information about characteristics of various occupations defined by Standard Occupational Classification taxonomy. One of these characteristics is noise exposure assessed through responses to the question "In your current job, how often are you exposed to sounds and noise levels that are distracting and uncomfortable?", ranging from 1 through 5 (29). According to Choi et al. (27, 28) , an averaged weighted noise score representing the probability of a worker in a certain job category being exposed to "distracting and uncomfortable sounds and noise" was assigned to the participants in our 1999-2004 NHANES dataset. The O*NET noise exposure could not be assigned to 24 participants. The O*NET noise exposure score was divided into quartiles and included as a categorical variable in the main models, and as continuous variable (per one interquartile range increase) in secondary analyses.
The question on self-reported noise in the current job included in the NHANES questionnaire referred to "loud noise" exposure, where "loud" was defined as so loud that participants had to speak in a raised voice to be heard. This noise indicator was used in secondary analyses as a proxy for the threshold of 66 dB (30) . This variable, however, had a large amount of missing information (n=3 001) in our 1999-2004 NHANES dataset.
Other covariates
Based on prior theory about individual and occupational factors associated with male androgens (6, 7), we included information about some important covariates. The demographic set included age (16-30, 31-40, 41-50, 51-60, 61-70, and >70 years), race/ethnicity (non-Hispanic white, non-Hispanic black, Mexican American, other), annual family income (<$25,000, $25,000-$55,000, and ≥$55,000), and education (lower than high school, high school including GED, higher than high school).
Participants who had had at least 12 alcoholic beverages in the past year were classified as drinkers. Smoking status included never smokers (<100 cigarettes in lifetime), former smokers (≥100 cigarettes in lifetime, but currently do not smoke), and current smokers (≥100 cigarettes in lifetime and currently smoke). The total amount of protein, carbohydrates, fat, and dietary fibre was calculated (in grams) based on a detailed dietary diary for one preceding day (31) .
Body mass index was calculated as weight (kg) divided by height-squared (m 2 ). Physical activity over the past 30 days included the following categories: inactive (<10 minutes of moderate and <10 minutes of vigorous physical activity), moderate (≥10 minutes of moderate and <10 minutes of vigorous physical activity), vigorous (<10 minutes of moderate and ≥10 minutes of vigorous physical activity), and moderate + vigorous (≥10 minutes of moderate and ≥10 minutes of vigorous physical activity).
Whole blood lead (µmol L -1 ) and cadmium (nmol L -1 ) measurements were based on light absorption method by ground-state atoms of cadmium and lead using PerkinElmer Model SIMAA 6000 simultaneous multi-element atomic absorption spectrometer with Zeeman background correction (23).
Self-reported general condition of hearing was defined as "good", "little trouble", "lot of trouble/deaf". Information on hearing protection use in the current job (yes, no) and length of service (number of months working in the current main job) was extracted as well.
Data analysis
The 1999-2004 NHANES dataset was first screened for missing data. Each analysis was run on complete-case data, and cases with missing data were excluded; hence the variations in sample sizes. As an outcome variable, TT was checked for distributional normality, which was achieved after deleting nine outliers, but without any transformations. The univariate associations between testosterone and other variables were explored using Pearson's chi-square test, ANOVA, and the t-test.
The association between the O*NET-assigned noise exposure and TT/FT was explored using linear regression models with increasing adjustments: Model 1 (ageadjusted), Model 2 (additionally adjusted for race/ethnicity, annual family income, education, physical activity status, and body mass index), Model 3 (additionally adjusted for protein intake, carbohydrate intake, total fat intake, fibre intake, alcohol drinking status, smoking status, blood lead and blood cadmium), and Model 4 (additionally adjusted for the length of service, general hearing, and use of hearing protection at work). To test for potential effect modifiers, Model 4 was stratified by participants' median age (<37 year vs ≥37 years), race/ethnicity, annual family income, body mass index, general hearing status, and hearing protection use. Overall interactions between O*NET quartiles and the potential effect modifiers were tested at the relaxed p<0.20 level using the Wald test.
Weighted logistic regression, adjusted for the same covariates as Model 4, was employed to test the effect of O*NET noise exposure (per one interquartile range increase) on hypogonadism (TT<300 ng dL -1 ). The complex sampling design of the NHANES and the different selection probabilities were incorporated in the analyses using stratification, clustering, and weighing. Three types of weights are available and should be applied to the NHANES dataset, depending on the variables used in the analysis, because the selection of the questionnaire, laboratory, and dietary subsamples differs and does not include exactly the same individuals. Statistical tests involving questionnaire data alone were weighted by the "6-year interview" weight, those involving laboratory variables by the "6-year interview and MEC" weight, and those involving dietary variables by the "6-year dietary one day" weight (32 
RESULTS
All participants in our 1999-2004 NHANES dataset were men with weighted mean age of 39.59 years (SE=0.28 years), ranging from 16 to 85+ years. Elderly people over 60 were underrepresented because the analyses were limited to those currently at work. Most were non-Hispanic whites, with high school education and annual family income of $25,000-$50,000. Detailed sample characteristics are reported in Table 1 . 
Data source: CDC/NCHS-NHANES, 1999-2004. Applied weights: "Interview" (descriptives without testosterone and macronutrients); "Interview and MEC Exam" (descriptives for testosterone); "Dietary day one" (descriptives for macronutrients). p-values are associated with Pearson's chi-square test, ANOVA (with Bonferroni correction for multiple comparisons), or t-test
Unweighted median O*NET noise score was 3.56 (25 th and 75 th percentiles: 2.83, 4.16). Noise levels were lower among white participants, those with income >$50 000, and higher-than-high-school education level. Men with good hearing and those who did not use hearing protection at work had lower exposure (data not shown). NHANES occupational codes corresponding to O*NET noise exposure have been reported elsewhere (27, 28) .
Weighted mean TT and FT concentrations were 519.10 ng dL -1 (SE=9.65 ng dL -1 ) and 11.01 ng dL ), respectively; 78 men or 11.66 % (95 % CI: 9.07 %, 14.87 %) were hypogonadal (TT<300 ng dL -1 ). Figure 1 shows the frequency distribution of TT. It followed a normal curve, which allowed its inclusion in parametric tests. Testosterone levels declined with age (see Table 1 ). Whites had significantly lower testosterone than blacks. Testosterone was significantly higher in participants with lower income and education, lower body mass index, and in current smokers. Better hearing and higher blood level of cadmium and lead were also associated with higher testosterone. The relationship with O*NET noise exposure followed a non-linear trend, and testosterone was the lowest in the second quartile, but not significantly. The univariate relationship with self-reported loud noise exposure showed non-significantly higher testosterone among the exposed participants. Table 2 shows the results of linear regression models for TT and FT with increasing adjustments. O*NET noise exposure 2.83-3.56 was associated with somewhat lower TT, but the effect remained non-significant. In the quartile 3.56-4.16, however, TT was significantly lower than in the first quartile (in Models 3 and 4). According to their occupation group (NHANES codes: 18, 23, 27, 29, 32, 34, 37-40), participants exposed to these O*NET noise levels were mostly blue-collar workers. The effects on FT followed a similar pattern. In Model 4, FT was significantly lower in the second and third quartiles in reference to the first.
When Model 4 was run with hypogonadism as a dependent variable, the odds ratio for hypogonadism was 1.24 (95 % CI: 0.64, 2.39) per one interquartile range increment in O*NET noise exposure. Of note, the statistical power for this logistic regression was low. Figure 2 displays stratified analyses testing potential effect modifiers on the relationship between O*NET interquartile range increase and TT. Younger participants, those with lower income, normal weight, better hearing, and those not using hearing protection at work showed more severe adverse effect on TT than the rest (at the relaxed p<0.20 level). Figure 3 displays the fully adjusted effect of current exposure to self-reported loud noise at work on TT concentrations among all men and then stratified by median age. The interaction with age was statistically significant: those exposed to loud noise and aged ≥37 years experienced significant reduction in TT by -87.55 ng dL -1 (95 % CI: -158.35, -16.74) compared to unexposed participants.
DISCUSSION
Prior research offers scant insight into the role of noise as risk factor for testosterone deficiency. Our results have shown that for people in some occupation groups more frequent and higher noise exposure is associated with lower TT and FT, but this relationship was non-linear and was significant only in some subgroups. The effect was statistically significant when the O*NET noise exposure level was moderate, suggesting that very high exposure levels may be counteracted by healthy worker effect or that those occupations may involve a confounding factor that we did not include in the models. Self-reported exposure to loud noise was also associated with lower TT, but the effect was statistically significant only among those aged ≥37 years. Our findings are in line with the relationship established in animal experiments (12) , but adequate comparisons cannot be made with epidemiological studies in humans.
We tested several potential effect modifiers of the relationship between O*NET noise exposure level and TT. Although previous studies have shown racial/ethnic differences in sex hormones (33) (34) (35) , and that socioeconomic factors were more strongly associated with perceived stress in white men than in other racial/ethnic groups (36), we found no significant differences with respect to race/ ethnicity.
Regarding age, the noise effect on testosterone levels could be modified by changes in hormone levels occurring with the advancing age. According to some authors (37, 38) , TT gradually decreases with age, whereas others admit greater variation after the age of 40, but find no drop in mean TT (39, 40) . In contrast, LH and SHBG concentrations rise with age (41) (42) (43) . Older age is also associated with accumulation of stressful life events, which may, in turn, affect the stress hormone cortisol and its effects on TT (44) . In our study, the adverse effect of noise was greater in young men (when we used O*NET exposure levels) or in those over 37 years of age (when we used self-reported exposure to loud noise). On one hand, advancing age may be associated with several and much stronger risk factors for low testosterone than noise exposure, which would explain why younger men were more affected by O*NET noise exposure. On the other hand, middle-aged men might be more sensitive to noise and perceive it as louder, in which case their attitude towards it could account for the stronger effect of self-reported loud noise exposure among those over 37. These hypotheses could not be explored in this study.
That participants with better hearing and those not using hearing protection were at higher risk was anticipated, as was the fact that those with lower income were also more affected by workplace noise. As for the body mass index, adiposity is one of the leading risk factors for low testosterone, probably masking the effect of noise. Additional genetic and environmental influences on the HPT axis cannot be ruled out.
A comprehensive explanatory framework underlying the observed effects of noise has not yet been developed, nor has it been confirmed by other epidemiological studies; therefore, additional data are needed to give us a better understanding of this effect and whether it is true or due to chance, bias, or residual confounding.
Strengths and limitations
As far as we are aware, this study is the first to explore the epidemiological relationship between occupational noise and testosterone concentrations in men. Being based on the NHANES data, it is representative of the general US population. Another strength is controlling for important sociodemographic, behavioural, and workplace-related covariates. TT and FT concentrations were measured through validated laboratory methods, and two separate noise indicators were used.
However, there are some limitations. Owing to its crosssectional design, this study cannot make causal inferences between exposure and outcome. Nevertheless, if testosterone suppression in humans is a relatively short-term effect of noise as it is in animal experiments (12), then current occupational exposure is a biologically feasible risk factor, and the lack of long-term or lifetime exposure data may not be crucial.
The sample size was smallish due to the lack of testosterone measurements in most of the other NHANES waves and due to the exclusion of participants who were not currently working. In spite of this, statistically significant effects were detected. title/tasks performed by each worker nor is it a proxy for noise intensity in decibels at the individual participant level. Therefore, this study also explored the effect of self-reported exposure to loud noise, whose threshold, according to Lazarus, is around 66 dB (30) . Nevertheless, researchers should extend this evidence by establishing an exposureresponse relationship between objective noise levels and testosterone concentrations. Another limitation is that the effect of noise on LH could not be explored due to missing data. LH is hypothesised to be the key mediating link between noise stress and low testosterone, and should therefore be studied.
Finally, some covariates, previously linked to low testosterone (e.g., diabetes, opioid drug use, mercury exposure, and psychosocial stress), were not included in the analyses, because there many data were missing, threatening with the loss of power or over-adjustment.
Another issue is the exposure misclassification attributed to the exposure indicators used. The main analyses were based on the O*NET noise exposure classification for several reasons. First, it is independent of the participants and is therefore not prone to common method bias or self-report bias. Any misclassification rising from this indicator is likely to be non-differential and leads the effect towards the null. Secondly, assigning O*NET noise exposure allowed us to increase the sample size for the analyses and to capture the effect among white-collar workers for whom the job-exposure matrix was not available (27, 28) . According to Choi et al. (27, 28) , O*NET could serve as a surrogate for the job-exposure matrix for occupations not included in conventional matrices: "O*NET noise exposure data would allow us to perform epidemiologic studies of occupational noise exposure in the general population and to better understand the health effects of occupational noise exposure". Other researchers also found O*NET useful in the study of chronic diseases (45) . However, O*NET does not take into account the actual job Figure 2 Association between one interquartile range increase (1.33) 
CONCLUSIONS
Noise exposure was associated with significantly lower total and free testosterone only in some subgroups of active male workers aged 16-85+ years in the US general population. Younger participants, those with lower income, normal weight, better hearing, and not using hearing protection at work experienced more severe adverse effects than the rest. Self-reported exposure to loud occupational noise was associated with lower total testosterone only in workers aged ≥37 years. This study explored a new hypothesized neuro-hormonal effect of noise exposure in humans.
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Future research
Despite the limitations of this study, it addresses a new hypothesized health effect of noise exposure that has not been sufficiently explored in humans earlier. While testosterone deficiency is much more subtle as a public health problem than cardiovascular disease, its burden is nonetheless overwhelming. About four million Americans are affected by hypogonadism, and this number is expected to gradually increase in the decades to come due to the ageing of the population, increased life expectancy, and unhealthy lifestyle leading to greater obesity and sex-steroid dysregulation (46) . Low testosterone is a risk factor for cardiovascular disease, obesity, and diabetes, bone mineral density loss, depression, impaired cognitive and social functioning, and overall mortality (47, 48) . A follow-up study of 8,538 employed men in the US estimated that hypogonadal employees had greater health care costs and disability leave/medical absenteeism than the eugonadal employees (49) . Cardiometabolic complications alone make low testosterone an important biomarker for morbidity and mortality in men (50) , and meta-analyses have reported a significantly higher risk of cardiovascular disease-related and all-cause mortality among testosterone-deficient men (18, 19) . Given that the pharmacological treatment of hypogonadism with testosterone replacement therapy, however safe, may still be associated with some adverse effects (51), environmental risk factors for low testosterone, such as noise, should be explored, and preventive measures established as needed. 
